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have used top-down, outside pressure to try to convince governments to restrict rampant infrastructural development, a strategy we suspect will only work in high profile parks and world heritage sites. Our goal here is to present alternative, compromise solutions for environmentally viable infrastructure development that may have a greater chance of success across different geopolitical contexts.
Battle lines are being drawn across the tropics, provoking a wellspring of international concern from prominent conservationists who understand that pristine areas hold the key to biodiversity protection [3] . These conservationists are typically at odds with multi-national oil, mining and road construction companies and as a result rarely engage in constructive dialogues with them. At the national level, chapters of big non-governmental organizations and aid organizations discuss conservation and development with government officials trying to forge compromises. At the local level, park managers have to duel with voteseeking politicians and environmentallyinsensitive investors keen to push roads through reserves and wilderness areas.
Consider Tanzania, where this issue has been on a quiet boil for several years. First, there is the proposal to build a new road across the northern Serengeti wildlife corridor, breaking the link between the wet-season grazing area of the Serengeti Plains to the dry-season feeding grounds in the Masaai Mara Nature Reserve, Kenya [4, 5] . Second, there is a plan to tarmac the road linking two westcountry regional capitals through Katavi, Tanzania's third largest and most remote national park. Third, there is talk of upgrading the coastal road through Sadaani National Park Tropical and subtropical countries contain most of the world's biodiversity and a wealth of other natural resources, particularly oil, gas, and rare minerals. Their rapidly expanding economies often aggravate friction between the wildlands that protect native fauna and flora and the basic infrastructure that supports large development projects and people's economic welfare. This is most obviously expressed when roads, railways and powerlines are built through protected areas or unprotected wilderness to support mining, logging or hydroelectric operations. Unquestionably, most developing nations need to deploy adequate transportation infrastructure to develop mineral and energy resources, yet conservation biologists are acutely aware that new road networks are often established at the expense of seasonal movement patterns, migration routes, and dispersal corridors of wildlife. They have documented these concerns with great clarity [1, 2] , and have successfully alerted the academic community to the fact that infrastructure development in the 21 st century is quickly becoming an environmental specter analogous to dam construction in the 20 th century.
At best road construction alleviates poverty by enriching both the nation and local communities, at worst it creates the illusion of development; both ends of the spectrum ignore long-term environmental costs. Unfortunately, solutions to this issue are still embryonic and general: exhorting environmental scientists to become involved in decision making processes, relying on carbon-trading initiatives, or starting a global road-zoning project to map areas that should remain road free [2] . Until now, conservation biologists misfits, being mavericks in their thinking and behavior. As in all good movies, you need a scientific anti-hero to serve as a counter for the too good to be true super-hero protagonist. Nothing in life is free, so for my sins I would have to tutor neurophysiology to second year medical and physiology students; this was something I was initially terrified about, having zero background in neurophysiology. It was a steep learning curve for me, at times I felt/still feel like I'm only one page ahead of the students in the textbook. After several years of doing this I have actually realised that it has started to cross-fertilize my thinking, and I would even go as far to say I have enjoyed the experience; you are never too late to learn new things.
Where do you feel the most relaxed?
Once a year I take my kids to visit my mum in County Donegal in Ireland. Donegal is blessed with many beautiful sandy beaches and breath-taking scenery. Most of the beaches are empty; sometimes you can have the beach to yourself all day. I feel most relaxed when my kids and I are rock pooling and crabbing with nets and buckets -it takes me back to halcyon days on the west coast of Ireland when I was a kid. of many megadiversity countries whose parks are threatened by road construction. In Indonesia, current provincial government development plans entail construction of large, paved roads through Gunung Leuser Ecosystem and Kerinci Seblat, the two most important national parks for Sumatran tiger conservation [6] . Served by new roads, infrastructure and mining projects in Brazil have shaved 4.41 million hectares from protected areas in the lowland Amazon since 2008 [7] . In western Amazonia, a central-government decision to drill for oil in Ecuador's biodiversity rich Yasuni National Park has generated heated controversy [8] , paving the way to a growing road network in that region [9] . Even a cursory glance across 58 tropical and subtropical nations shows over a fifth of 373 national parks (the reserve category with one of IUCN's highest forms of protection) are traversed by one or more main roads, and one in twelve by highways, with Asian protected areas suffering disproportionately (Table 1) .
What road ecology tells us
The science of road ecology has clearly documented the physical disturbance, chemical pollution, noise and environmental degradation both during and after road-building [10] . Notably in the biodiverse tropics, road-kill mortality rapidly escalates in the aftermath of highways and even unpaved logging roads attract poachers into formerly pristine areas, extending mortality far beyond the road itself [2] . For example, road-kills along a 14-km paved road segment through Morro do Diabo State Park in Brazil occur every four days, representing an annual population loss of 8-20% for mid-sized to large mammals within the park, including ungulates, carnivores and the highly endangered black-lion-tamarin (C. Padua, personal communication; Figure 1 ).
In unprotected areas, farmers are next to arrive and spread deforestation outwards from primary roads in a herring bone fashion made infamous from satellite imagery of Rondônia, Brazil. Expanding road networks often attract more economic migrants who then require additional roads, thereby increasing land prices and primary habitat conversion in both protected and unprotected areas [11] . Around reserves, communities develop selling charcoal and other natural resources collected outside (and inside) the protected area to trucks going on to big cities. As traffic volume builds, the probability of successful alien plant invasions into pristine areas increases [10] . In some ecosystems, fires become more frequent from carelessly tossed cigarettes, vehicle-wildlife collisions mount and garbage collects along roadsides [1] . Most worrying, perhaps, many local communities have little interest in regional-scale environmental protection, making these projects a way to curry favour at the local political level. Around Serengeti, for example, villagers favoured a proposed road through the national park that would link them to the regional capital and to the ports on Lake Victoria [4] . Likely any village in the tropics would favour infrastructure development that improved their connection with the outside world, yet due to large changes in altitude the proposed route would serve the least number of people, have the highest per journey cost, and be the most expensive to construct, compared to two alternatives that would bypass the park [5] .
Roads in parks: the Palearctic experience
Yellowstone National Park, USA has a road system that provides outstanding wildlife and habitat viewing with minimal disruption to wildlife movements; it was designed for horse-drawn transport for visitors who had arrived by train from distant locations and to provide access for rural communities otherwise isolated in winter. We do not propose that all parks return to earlier and less damaging forms of transportation, but do emphasize that roads with slow speeds, gentle gradients, and using natural cover can combine wildlife viewing and transport corridors. In contrast, environmentally insensitive road engineering occurs just 500 miles north of Yellowstone in Canada's Banff National Park where both the trans-Canada highway and railroad pass through the Snake River valley. These arteries severed dispersal corridors and caused frequent vehicle collisions; fatalities to both humans and wildlife then led to fencing of the transportation corridor and erection of multi-million dollar bridges for wildlife crossing [12, 13] . Unfortunately, these were constructed after most of the parks' game populations had been extirpated, and while declines in abundance have been halted, there is little evidence of recovery. More generally, many reserves in the developed world are criss-crossed by tarmac roads and in some cases heavily used by traffic. So why shouldn't tropical nations go down the same path? Given that road-kills are a major form of wildlife mortality [14] , that remaining wildlife migration routes are being blocked by roads and infrastructure [15] , and that roads adversely affect the genetics, physiology, behavior, abundance, and population dynamics of wildlife [16] , hindsight tells us that new roads through species-rich sites are a recipe for environmental disaster.
Mineral extraction
Tropical and subtropical roads and railways can provide access to mineral resources that are increasingly demanded for cell phones, flat screen TVs, automobile batteries and nuclear power. Heavily industrialized nations with ready access to markets often provide infrastructure development aid to nations with mineral wealth but limited extraction facilities or manufacturing power [17] . Oversight at mining sites is often minimal, with mining companies left to mitigate environmental degradation in a way that is often at odds with financial selfinterest [18] . Yet, poor nations with vast mineral resources could improve their economic welfare if they fostered aid projects that developed local technical capacity for mineral extraction and processing. If rare mineral deposits were processed locally, then nations could not only create local jobs and capture over 90% of their value [19] but also monitor environmental impacts more closely. Although increasing attention is paid to the damage inflicted by mineral extraction itself, and methods to mitigate this are being developed [20] , none of these deal with the damage created by roads built for mining operations. In nations whose legal systems lack or do not enforce a concept of 'conflict of interest', all too often the mineral extraction and road construction companies are allowed to undertake their own Environmental Impact Assessments (EIAs), which are often biased and scientifically unsound with limited or perfunctory opportunities for public comment. This also applies to EIA mitigation measures, which are typically funded and self-enforced by the 'enterprising' company [19, 20] .
Solutions
We advocate four measures to mitigate tensions between roads and protected areas in the tropics and subtropics.
First, consultations between infrastructure engineers and natural resource managers should begin early, permitting identification of less controversial and more economically viable alternative routes, minimizing detrimental impacts on parks, and respecting their zoning [21] . Core tools in conservation planning include geographic mapping of the distribution of endangered plants and animals and their key resources [22] , and decision frameworks [23] ; exceptional phenomena, such as wildlife migrations, should be central to the design of major infrastructure projects.
Second, each proposed road project should require careful, caseby-case examination and arbitration. For example, the Serengeti National Park is a World Heritage Site because of its wildebeest-zebra migration, and any road that stops or reduces animal movements should not be given serious consideration [24] . Katavi National Park is marketed as a wilderness area free from modern influence: a tarmac road will devalue it as a remote tourist attraction. Gunung Leuser and Kerinci Seblat National Parks are part of the Tropical Rainforest Heritage of Sumatra World Heritage Site, in part because they support large, high-priority populations of threatened orangutans and tigers that would be fragmented Third, effective enforcement is necessary to control traffic speed and volume. Roads can be rerouted to bypass wildlife concentrations, heavy vehicles can be forced to travel at slow speeds [25] , roads can be closed at night, trucks can be required to travel in convoys, and those carrying invasive species can be asked to follow long routes around protected areas. It is naïve to assume that roads and railways will not lead to wildlife collisions; these will then lead to pressure for fences, which are always detrimental to wildlife, so it is essential that infrastructure planners work with biologists to avoid migration routes and dispersal corridors.
Fourth, rigorous national and international policies need to be put in place that make infrastructure development aid conditional upon prior analyses of real long-term costs of these projects. Independent EIAs are critical. It is particularly important for international aid and development agencies to adroitly enforce 'best practice policies' and monitor questionable political tactics that allow sitting governments to promise roads to local communities who otherwise might vote for an opposition party. We realize that effective policing may only work in selected countries, but stress that honest law enforcement is central to 'good legal practice' and should be an unbreakable and falsifiable condition of any aid and development package. These specific proposals differ from more general solutions advocated by others [2] and we suspect they will have a greater chance of success because economic and conservation goals are usually reconciled at either national levels or in consultation with local stakeholders.
Conclusions
Conservation biologists recognize that infrastructure development is key to regional scale development, poverty alleviation and empowerment of rural poor who either depend upon or are driven to overexploit natural resources, but they also recognize that roadless areas are not an impediment to poverty alleviation. Additionally, they are concerned that protected areas covering just 12% of the world's terrestrial biomes are becoming fragmented, degraded killing grounds for tropical charismatic fauna that governments in habitat countries do not always appreciate. Moreover, conservationists with longer time horizons realize that an increasing number of people in the developing world intrinsically value wildlife as a recreational tool and source of national pride. Wildlife also holds the promise of generating considerable revenue for megadiverse tropical nations, a promise that is already being fulfilled in several countries. For example, estimated annual revenue per hectare from ecotourism in the Tambopata region of Amazonian Peru exceeds all current alternatives, including environmentally damaging land uses such as logging, ranching, and agriculture that are often assumed to be far more lucrative; such revenue may be diminished or lost altogether if protected areas are fragmented and degraded by poorly planned infrastructure construction. For long-term economic, aesthetic and moral reasons, tropical and subtropical countries must not sacrifice biodiversity protection for short-term economic gain. Ultimately they will regret it.
